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(54) Titie: A SIMPLIFIED SYSTEM FOR GENERATING RECOMBINANT ADENOVIRUSES 



(57) Abstract 

Recombinant adenovinises provide a versatile sys- 
tem for gene expression studies and therapeutic applica- 
tions. This invention describes a strategy which sim- 
plifies the generation and production of such viruses. A 
recombinant adenoviral plasmid is generated with a min- 
imum of enzymatic manipulations, employing homolo- 
gous recombination in bacteria rather than in eucaryotic 
I cells. Following transfections of such plasmids into a 
mammalian packaging cell line, viral production can be 
conveniently followed with the aid of green fluorescent 
protein, encoded by a gene incorporated into the viral 
backbone. Homogeneous viruses can be obtained from 
this procedure without plaque purification. This system 
expedites the process of generating and testing recombi- 
nant adenoviruses. 
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A SIMPLIFIED SYSTEM FOR GENERATING RECOMBINANT 
ADENOVIRUSES 

This invention was made using a U.S. government grant from the 
NTH CA43460. Therefore, the U.S. government retjuns certun rights to the 
invention. 

TECHNICAT. FTFJ.D OF T HE INVENTION 

The invention relates to recombinant DNA technology and vectors 
for gene therapy. 

HArKGROPN D OF THE INVENTION 

Recombinant adenoviruses are currently used for a variety of 
purposes, including gene transfer in vitro, vaccination in vivo, and gene 
therapy (1-4). Several features of adenovirus biology have made such 
viruses the vectors of choice for certain of these applications. For example, 
adenoviruses transfer genes to a broad spectrum of cell types, and gene 
transfer is not dependent on active cell division. Additionally, high titers of 
virus and high levels of transgene expression can generally be obtained. 
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Decades of study of adenovirus biology have resulted in a detailed 
picture of the viral life cycle and the fiinctions of the majority of viral 
protdns (5,6). The genome of the most commonly used human adeno^d^us 
(serotype 5) consists of a linear, 36 kb, double-stranded DNA molecule. 
5 Both strands are transcribed and nearly all transcripts are heavily spliced. 

Viral transcription units are conventionally referred to as early (El, E2, E3 
and E4) and late, depending on their temporal expression relative to the 
onset of viral DNA replication (6). The high density and complexity of the 
viral transcription units poses problems for recombinant maiupulation, which 
10 is therefore usually restricted to specific regions, particularly El, E2A, E3, 
and E4. In most recombinant vectors, transgenes are introduced in place of 
El or E3, the former supplied exogenously. The El deletion renders the 
ymuses defective for replication and incapable of producing infectious viral 
particles in target cells; the E3 region encodes proteins involved in evading 
1 5 host immunity, and is dispensable for viral production per se. 

Two approaches have traditionally been used to generate 
recombinant adenoviruses. The first involves direct ligation of DNA 
fiagments of the adenoviral genome to restriction endonuclease fragments 
containing a transgene (7,8). The low efficiency of large fragment ligations 
20 and the scarcity of unique restriction sites have made this approach 

technically challenging. The second and more widely used method involves 
homologous recombination in mammalian cells capable of complementing 
defective adenoviruses ("packaging lines") (9,10). Homologous 
recombination results in a defective adenovirus wWch can replicate in the 
25 packaging line (e.g., 293 or 91 1 cells) which supplies the missing gene 
products (e.g., El) (1 1). The desired recombinants are identified by 
screening individual plaques generated in a lawn of packaging cells (12). 
The low efficiency of homologous recombination, the need for repeated 
rounds of plaque purification, and the long times required for completion of 
30 the viral production process have hampered more widespread use of 
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adenoviral vector technology. Thus there is a need in the art for more 
efficient techniques for generating recombinant adenoviruses. 

STTMMARY OF THE INVENTKM 

It is an object of the present invention to provide a method for 
generating recombinant adenoviral vectors containing a gene for expression 
in mammalian cells. 

It is another object of the invention to provide a kit for generating 
recombinant adenoviral vectors. 

It is yet another object of the invention to provide a bacterial cell for 
generating recombinant adenoviral vectors. 

These and other objects of the invention are provided by one or 
more of the embodiments described below. In one embodiment of the 
invention, a method for generating a recombinant adenovinis comprising a 
desired gene is provided. The method comprises the steps of: co- 
transforming bacteria with: (a) a linear DNA molecule and (b) a supercoiled 
adenoviral vector, wherein the linear DNA molecule comprises a first 
segment of DNA comprising one or more desired genes and a second and a 
tWrd segment of adenoviral genomic DNA, each of said second and thrid 
segments consisting of at least SOO bp and being sufficient to mediate 
homologous recombination with the adenoviral vector, wherein the second 
and third segments flank the first segment, wherein the adenoviral vector 
comprises a bacterial ori^ of replication flanked on each side by segments 
of DNA identical to the second and third segments, whereby subsequent to 
the step of co-transforming the adenoviral vector and linear DNA molecule 
recombine to form a recombinant adenoviral vector comprising the desired 
gene. 

In another embodiment of the invention, a kit is provided for 
generating homologous recombinant adenoviral vectors in bacteria. The kit 
comprises two plasmids. The first plasmid comprises: a bacterial origin of 
replication; a first segment of DNA comprising a restriction enzyme site for 
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insertion of a desired gene; a second and a third segment of DNA consisting 
of adenoviral genomic DNA, each of said second and third segments 
consisting of at least SOO bp and being sufficient to mediate homologous 
recombination with an adenoviral vector; wherein the second and third 
segments flank the first segment. The second plasnud comprises a bacterial 
origin of replication flanked on each side by DNA segments identical to the 
second and third segments, wherein upon linearization of the first plasmid 
and co-transformation with the second plasmid of bacterial cells, the 
adenoviral vector and linearized first plasmid recombine to form a 
recombinant adenoviral vector comprising the desired gene. 

In another embodiment of the invention, a bacterial cell is provided 
for homologous recombination of two DNA molecules containing 
adenoviral sequences. The first DNA molecule is a linear DNA molecule 
which comprises: a first segment of DNA comprising a desired gene 
inserted in a restriction enzyme site; a second and a third segment of DNA 
consisting of adenoviral genomic DNA, each of said second and third 
segments consisting of at least 500 bp and being sufficient to mediate 
homologous recombination with an adenoviral vector, wherein the second 
and third segments flank the first segment. The second DNA molecule is a 
20 plasmid which comprises a bacterial origin of replication flanked on each 

side by DNA segments identical to the second and third segments, whereby 
the adenoviral vector and the linear DNA molecule can recombine to form a 
recombinant adenoviral vector comprising the desired gene. 

These and 6ther objects of the invention provide the art with new 
25 reagents and methods for making recombinant adenoviral vectors containing 
transgenes for expression in mammalian cells. 

BRTRF DESCRIPTI ON OF THE DRAWINGS 

Figure 1 is a schematic outline of the adenoviral recombination 
system. The gene of interest is first cloned into a shuttie vector, e.g. 
30 pAdTrack-CMV. The resultant plasmid is linearized by digesting with 
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restriction endonuclease Pme I, and subsequently cotransformed into £. coli 
BJ5183 cells with an adenoviral backbone plasmid, e.g., pAdEasy-1. 
Recombinants are selected for kanamycin resistance, and recombination 
confirmed by multiple restriction endonuclease analyses. Finally, the 
Unearized recombinant plasmid is transfected into adenovirus packaging cell 
lines, e.g. 91 1 or 293 cells. Recombinant adenoviruses are typically 
generated within 7 to 12 days. The left arm and right arm represent the 
regions mediating homologous recombination between the shuttle vector 
and the adenoviral backbone vector. An: polyadenylation site; Bm: BamHI, 
RI: EcoRI; LITR: left-hand inverted terminal repeat and packaging signal; 
RITR: right-hand inverted terminal repeat; Sp: Spel. 

Figure 2 describes the shuttle vectors and adenoviral plasmids. 
Abbreviations are defined in the legend to Fig. 1. 

Figures 3 A and 3B describe the generation of stable recombinants in 
bacterial cells. Fig. 3 A. DNA from recombinant pAdEasy-GFP+GAL 
constructs derived from homologous recombination of 
pAdTrack-CMV-pgal and pAdEasy-linBJ5183 cells was purified from 
minipreps. The DNA was analyzed in supercoiled form by electrophoresis 
through a 0.8% agarose gel and ethidium bromide staining. Lane 1, 
20 pAdEasy-1 control; lane 2, pAdTrack-GFP+GAL control; lanes 3 -12, 
different pAdEasy-GFP+GAL clones. Based on the migration rates, the 
clones in lanes 3, 4, 6, 8, 9, 11, and 12 were potential valid recombinants. 
Fig. 3B. Representative digestions with BamHI Oanes 1-3), PacI Oanes 4-6), 
and Spel (lanes 7-9). Plasmids pAdTrack-CMV (lanes 1, 4, and 7), 
25 pAdEasy-1 (lanes 2, 5, and 8) and a pAdEasy-GFP+GAL recombinant 

(lanes 3, 6, and 9) are shown. Asterisks indicate the diagnostic firagments 
obtained with each enzyme. 

Figure 4 shows adenoviral-producing foci following transfection of 
293 cells monitored by GFP expression. Pad-digested pAdEasy-GFP-GAL 
30 was transfected into 293 cells and GFP expression was visualized by 
florescence microscopy at the indicated times thereafter. Comet-like 



wo 99/43843 



PCTAJS99/04062 



adenovirus-producing foci became apparent at 4-5 days. No such foci were 
observed in the cells transfected with circular (i.e., not Pad-digested) 
pAdEasy-GFP-Gal. 

Figure S demonstrates how adenoviral titre can be monitored by 

5 GFP expression. Linearized pAdEasy-GFP+GAL was transfected into 293 
cells as described in Fig. 4 and cells were harvested at the indicated times 
after transfection. Three percent of a freeze/thaw lysate of these cells was 
used to infect 293 cells, and fluorescence microscopy of the infected cells 
was performed 24 hours later. No viruses were generated in 12 days after 

10 the transfection of circular (i.e., not cleaved with PacI) pAdEasy-GFP+GAL 
(labeled "control"). 

DFTAn^ED DESCR TPTION OF THE INVENTION 

We have discovered methods for generating adeno^aral vectors 
which are more efficient than alternative systems for producing viral 
15 recombinants (13-16). According to the present invention, a backbone 
vector, containing most of the adenoviral genome, is used in supercoiled 
form, obviating the need for en^rmatic manipulation. Recombination 
between the adenoviral genome and transgenes is performed in E. coli rather 
than in mammalian cells. No ligation steps are involved in generating the 
20 adenoviral recombinants, as the process takes advantage of the highly 
efficient homologous recombination machinery present in bacteria. The 
particular vectors described here allow inclusion of up to 10 kb of transgene 
sequences, and allow multiple transgenes to be produced from the same 
virus. Some of the new vectors contain a green fluorescent protein (GFP) 
25 gene incorporated into the adenoviral backbone, which permits direct 

observation of the efficiency of transfection and infection, processes which 
have been difficult to follow with adenoviruses in the past. These 
characteristics result in a highly efficient viral production system which 
obviates the need for plaque purification and significantly decreases the time 
30 required to generate usable viruses. 
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The adenoviral vectors generated by the present invention can be 
used to transfer one or more desired genes into mammalian cells. The 
desired genes may be wild-type, mutant, or synthetically modified human 
genes, genomic DNA, cDNA, or chenucally syntheazed polynucleotides. 
The desired genes can be derived firom any species or may be non-naturally 
occurring. The desired genes can be inserted at a restriction endonuclease 
cleavage site as is known in the art, e.g., using a DNA ligase. 

A key step in the generation of adenoviral plasmids according to the 
present invention is the co-transformation of bacteria with precursor DNA 
molecules: a linear DNA molecule and a supercoiled adenoviral vector. 
Transformation is the introduction of DNA into a bacterial cell 
Transformation can be carried out by a number of techniques known in the 
art. Such methods include but are not linuted to electroporation (exposure 
of a cell suspension to an electrical field), the use of calcium phosphate 
solutions, and the use of lipids to package the DNA and fiise with the cell 
membrane. Co-transformation refers to the introduction of two different 
species of DNA molecule into the same cell. 

The linear DNA molecule for use in co-trasformation in the current 
invention can be obtmned firom a circular plasmid DNA molecule by 
treatment with a restriction endonuclease. The circular plasmid DNA 
molecule typically contains a bacterial origin of replication and thus is 
capable of reproducing in bacterial cells. The plasmid may optionally 
contain several additional segments of DNA. A segment of DNA is a 
portion of a DNA molecule. The plasmid desirably comprises one or more 
desired genes. In addition, segments of DNA consisting of adeno>aral 
sequences flank the desired genes to promote homologous recombination 
with an adenoviral vector. 

The adenoviral vector typically contains most of the adenoviral 
genome and is supercoiled. The adenoviral vector may also contain a 
bacterial origin of replication. Portions of the wild-type adenoviral genome 
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may be deleted to permit insertion of desired genes and the packaging of 
recombinant adenoviral vectors containing the desired genes. 

A kit according to the invention comprises two plasmids, one of 
which can be used to generate the the linear DNA molecule discussed above 

5 and the other of which is the adenoviral vector. A user of the kit may insert 
one or more desired genes into the first plasmid using, for example, a 
restriction endonuclease and a DNA ligase. The kit may also comprise a 
packaging cell line for producing virus particles from the defective 
adenoviral vector and/or the recombinant adenoviral vectors produced 

10 containing the desired gene. The kit may also comprise bacterial cells which 
can be used for co-transformation. Preferably the bacterial cells are 
homologous-recombination proficient and highly competent to receive 
transforming DNA. Typically, each kit component is separately packaged to 
avoid premature mixing. Further, all individually packaged components are 

1 S provided in a box or other container wMch holds the other components. 

Instructions for making a recombinant adenovirus vector according to the 
methods disclosed herein may also be included in the kit. Reference to 
instructions may also be provided in the kit, for example to a text or 
webpage. 

20 The present invention utilizes recombination in bacteria to combine 

' the linear DNA molecule, containing a desired gene, with the adenoviral 
vector. Recombination is a process in which two DNA molecules become 
joined. Homologous recombination occurs between two sequences having 
regions of homology. Bacterial recombination is particularly robust. In 

25 order to facilitate recombination between the linear DNA molecule and the 
adenoviral vector, identical sequences must be present in both. Using 
standard methods in the art, segments of the adenoviral genome can be put 
on the linear DNA molecule to create regions of homology. 

The segments of adenoviral DNA on the linear DNA molecule are 

30 preferably at least 100, 200, 300, 400, 500, 750, or 1000 nucleotide base 

pairs, such that adequate homology is provided for homologous 
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recombination to occur efficiently. The segments of adenoviral DNA flank 
the desired gene, i.e., they are on opposite sides of the desired gene 
sequence; however, the segments need not be contiguous with the desired 
gene. In the adeno^aral vector, the segments may flank the bacterial origin 
of replication. 

When the linear DNA molecule and the supercoiled adenoviral 
vector recombine in bacterial cells, they form a recombinant adenoviral 
vector. The recombinant vector can be linearized to enhance efficiency of 
transfection of mammalian cells. This can be conveniently accomplished 
through the use of a restriction endonuclease. Preferably the endonuclease 
cleaves the recombinant adenoviral vector so that its inverted terminal 
repeat sequences are at the ends of the linearized recombinant vector. 

Bacterial cells for use in the present invention preferably are gram 
negatives. More preferably they are K coli. Desirably they are 
recombination proficient. 

The recombinant adeno^rus vector generated as described above 
may be used to transfect mammalian cells. Techniques for transfection are 
well known. Available techniques include but are not limited to 
electroporation, the use of calcium chloride, and packa^ng of the vector 
together with lipid for fiision with the cells of interest. Cells may be 
transfected with the vector either in vitro or in vivo. The design of the 
recombinant adenoviral vector may place specific constraints on cells to be 
transfected. If production of viral particles is desired, a special packaging 
cell must be used that produces the adenoviral gene products which the 
adenoviral vector lacks. Which packaging cells are employed to repUcate 
the virus will depend on the composition of the adenoviral vector used. The 
adenoviral vector may have specific portions of the adenoviral genome 
deleted, in order to make room for the desired gene in the recombinant 
vector. Suitable deletions which may be used include those of all or part of 
adenoviral transcription units El, E3, and E4. The packaging cells 
preferably stably express the adenoviral proteins coded by the deleted 
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transcription units. Techniques are known in the art for stably transfecting a 
cell line with whichever adenoviral sequences are required, i.e., by 
incorporation of the genes into the cell's genome. If virus particle 
production is not required, then packaging cell lines need not be used. For 
5 example, if cells are to express the transgene, production of viral particles 

need not be achieved. Thus for in vivo gene therapy, the recipient cells need 
not be able to complement the defective viruses. 

Genes encoding a detectable marker may be present in the linear 
DNA molecule between the two segments of adenoviral DNA. The 
10 detectable marker is a protein that can be detected. Preferably, a marker is 
used which is easy to monitor. More preferably a marker is used which can 
be detected even when present at very low levels. Use of a detectable 
marker permits monitoring of the transfection process. In a preferred 
embodiment the detectable marker is P-galactosidase or green fluorescent 
15 protein (GFP). Detection of GFP can be achieved, for example, by 
fluorescence microscopy of cultured cells. 

Genes encoding a selectable product can also be used as linked 
markers to the desired gene. A selectable product is necessary for growth 
under a particular set of conditions. Thus it can be used to selectively grow 
20 only those cells that have been transformed or transfected. A preferred 
selectable product is an antibiotic resistance enzyme, such as a neomydn 
phosphotransferase. 

Though several systems for generating recombinant viiuses through 
Cre-mediated or homologous recombination in yeast or bacteria have been 
25 described in the literature (13-15,25), the system described here has several 
advantages in terms of ease and speed. The fact that the adenoviral 
components of the system can be used in supercoiled form poses advantages 
in terms of the reproducibility and stability of the derived recombinants. The 
ability to recover reasonable quantities of homogeneous virusus after 
30 primary transfection of packaging cells, without plaque purification, 
represents a major practical advantage. And the GFP tracer makes it 
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possible to follow all stages of the viral production process in a convenient 
fashion. In the case of cells which are inefficiently infected by adenoviruses, 
the GFP tracer additionally makes it possible to isolate expressing cells 
through fluorescence-activated cell sorting and thereby fieunlitate several 
kinds of experiment. Finally, the system described here is effident enough 
so that small libraries of transgenes produced in adenoviruses can be 
envisioned. Viruses with a particular modification of a transgene (produced 
by degenerate PCR, for example) could be selected in vivo from a pool of 
viruses on the basis of functional assays, and the sequence of the selected 
virus determined by sequencing appropriate PGR products. 

The above disclosure generally describes the present invention. A 
more complete understanding can be obtained by reference to the following 
specific examples which are prodded herein for purposes of illustration 
only, and are not intended to limit the scope of the invention. 

EXAMPLES Generation of Adenoviral Recombinants 

The overall strategy involves three steps and is diagrammed in Fig. 
1 . First, the gene of interest is cloned into a shuttle vector {e.g. , 
pAdTrack-CMV, Fig. 2). Second, the resultant construct is cleaved with a 
restriction endonuclease to linearize it and then transformed together with a 
supercoiled adenoviral vector (e.g., pAdEasy-1) intoE. coli strain BJ5183. 
Recombinants are selected with kanamycin and screened by restriction 
endonuclease digestion. Third, the recombinant adenoviral construct is 
cleaved with Pad to expose its inverted terminal repeats and transfected 
into a packaging cell line (e.g., 293 or 91 1 cells) (11,17). 

In the past, validation of successfiil virus production at early stages 
of the process has been one of the most technically demanding aspects of 
adenoviral vector production. The process of viral production can be 
directly and conveniently followed in the packaging cells by visualization of 
a GFP reporter that is incorporated into the viral backbone. After 7-10 
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days, vinises are harvested and either used directly for experimentation or 
amplified by infecting packaging cells. 

Important points about this approach include tiie following: 
0)Sevaxd different shuttie vertors were constructed. Some, tike pAdTrack 
5 and pAdTrack-CMV, allow convenient tracing of all steps in viral 

production through an incorporated GFP reporter. Others, tike pShuttle, 
are used when particularly large transgenes must be expressed. Table 1 lists 
optimum combinations of shuttie and backbone vectors for various 
purposes, (n) The homologous recombination step is mediated by a 
10 restriction endonuclease-cleaved vector Oike pAdTrack-CMV) and an intact 
supercoiled adenoviral vector (like pAdEasy-1). The ability to use intact 
adenoviral plasmids, uncleaved by restriction endonucleases, proved critical 
for effidentiy generating desired recombinants. An additional advantage of 
using supercoiled adenoviral vectors is that preparation of a single, 
15 laboratory-scale batch of the adenoviral vector DNA will yield sufficient 
material for hundreds of different recombinants, (iii) The selection of 
recombinants is afforded by kanamycin resistance provided by the shuttle 
vector. Because the restriction-cleaved shuttle vector yields only a low 
background of kanamycin-resistant colonies, the homologous recombination 
20 system had a high signal-to-noise ratio, (iv) The £. coli sti-ain BJ5183 is not 
recA but is deficient in other enzymes which mediate recombination in 
bacteria. It was chosen, firom among several sttuns mutated in recA, 
recBCD, red, or recF (21,22), because of its higher eflRciency of 
transformation and stable propagation of plasmid DNA in pilot experiments. 
25 Once recombination is achieved and verified, the adenoviral recombinant 

DNA can be simply transferred to a recA, endA sttain (such as DHIOB) for 
greater yields of DNA if desired. (Because of its recA status, DHIOB 
cannot be used to generate adenoviral recombinants by homologous 
recombination), (v) For viruses containing two independent transcription 
30 units driven by the same promoter, we found it important to place them in 
head-to-tail orientation, rather than head-to-head, in order to avoid 
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undesired recombination events in bacteria, (vi) The packaging cell lines 
(293, 91 1, or 91 1E4) are each highly transfectable by lipid-DNA complexes. 
The 293 and 91 1 cdls constitutively express the £1 gene products required 
for propagation of all recomtmiant adenoviruses, while the 91 1E4 cells 
S repress the El and E4 gene products required for pAdEa^-2-derived 
constructs. 

rril riiltiire M eriium and Reagents. 293 cells (1 1) were purchased from 
Microbix Biosystems Inc. (Toronto, Canada), and 91 1 cells (17) were kindly 
provided by Dr. Alex J. Van der Eb of the University of Leiden. These lines 
10 were maintained in Growth Medium (Dulbecco's Modified Eagle Medium, 
Life Technologies, Inc., Gaithersburg, MD, supplemented with 10% fetal 
bovine serum [FBS, Hyclone, Logan, UT], 100 units/ml penicillin, and 100 
mg/ml streptomycin) at 3TC in 5% CO^. 
Preparation of nompetent Cells and Plasmid DNAs. To prepare 
1 5 electrocompetent BJS 183 bacteria (18), the cells were grown to an ODjjo of 
0.8, then collected and washed twice with ice-cold 10% glycerol. Twenty 
ml aliquots of the electrocompetent BJS 183 cells were kept at -SO'C. 
Electrocompetent DHIOB cells were purchased from Life Technologies, 
Inc. To verify homologous recombination in bacteria, nuniprep plasmid 
20 DNA was prepared by a standard alkaline lysis procedure. All other 

plasmids used in this study were prepared by CsCl banding. Yields were 
200 to 600 ng per 100 ml of Terrific Broth culture (Life Technologies) for 
plasmids larger than 30 kb (pAdEasy derivatives), and 400 to 1000 mg for 
plasmids smaller than IS kb (shuttle plasmid derivatives). 
2S Rgtahlishment nf an Adenoviral E4-Expressing Cell Line. A plasmid that 

constitutively expresses tet repressor in the same transcription unit as a 
geneticin-resistance marker was transfected into 91 1 cells. Following 
growth in geneticin (0.4 mg/ml, Life Technologies), a clone stably 
expressing the tet repressor, 91 Itet, was chosen for frirther maiupulation. 
30 A second vector that expressed adenoviral E4 under the control of tet 
responsive promoter was constructed by cloning a fragment containing 
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adenoviral nt 35,468 - 32,828 into the pBI vector (Clontech), resulting in 
pBI-E4. The pBi-E4 plasmid was co-transfected with linearized pCEP4 
(Invitrogen, Carlsbad, CA) into 91 ItetceUs. Stable clones were generated 
through selection in 0.4 mg/ml geneticin, 0.1 mg/ml hygromydn B 
5 (CALBIOCHEM), and 100 ng/ml doxycydin (Sigma). A single clone, 

called 91 1-E4, was chosen for viral production based on its tight relation 
of E4 protein expression. Expression of adenoviral E4 after removal of 
doxycydin was confirmed by immunohistochemical analysis using a 
monoclonal antibody against E40RF6, kindly provided by P. Hearing 
10 (SUNY, Stoney Brook) (19). 

rnnstniction of Vortnrs for H og^nlnpniis Rer/^mhination in Bactcrift. The 
adenoviral plasmids (pAdEasy-1 and pAdEasy-2) and the shuttle vectors 
(pShuttle, pShuttle-CMV, pAdTrack, and pAdTrack-CMV) were 
constructed through multiple rounds of subcloning of PGR products or of 
15 restriction endonudeaseftagments. All PCR-derived firagments were 
sequenced to confirm their predicted composition. 

1. Adenoviral backbone vectors. 

a. The pAdEasy-1 adenoviral plasnud contains all Ad5 sequences 
except nt 1- 3,533 Oncluding the El genes) and nt 28,130 - 30,820 

20 (including E3). 

b. The pAdEasy-2 vector is identical to pAdEasy-1 except that it 
contains an additional deletion of Ad5 nt 32,816 - 35,462 (containing E4). 

2. Shuttle vectors. 

a. Vector pShuttle is used for expression of transgenes when no 
25 GFP tracer is desired. It contains a polylinker for insertion of exogenous 
transgenes. This site is surrounded by adenoviral sequences ("arms") that 
allow homologous recombination with pAdEasy-1. The left arm contains 
Ad5 nt 34,931 - 35,935, which mediates homologous recombination with 
pAdEasy vectors in E. coli, plus inverted terminal repeat (ITR) and 
30 packaging signal sequences (nudeotides I to 480 of Ad5) required for viral 

production in mammalian cells. The right arm contains Ad5 nt 3,534 - 
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5,790, which mediate homologous recombination with pAdEasy vectors. 
Artificially created Pad sites surround both arms. The pShuttle plasmid 
also contains a kanamydn resistance gene from pZ^o 2.1 (Invitrogen) and 
the origin of replication from pBR322 (Life Technologies). We have found, 
as have others, that the relatively low copy number of plasmids goierated 
with this origin is essential for the stability of large constructs in K colt. 

b. The pShuttle-CMV vector is identical to pShuttle except for the 
addition of a CMV promoter and polyadenylation site (both from 
pEGFP-Cl, Clontech). A polylinker is present between the CMV promoto^ 
and polyadenylation site. 

c. The p AdTrack vector is used for production of GFP-trackable 
viruses containing transgenes under the control of a chosen promoter. It 
was constructed by subcloiung the gene encoding Enhanced GFP from 
pEGFP-Cl into pShuttle. 

d. The pAdTrack-CMV vector is identical to pAdTrack except for 
the addition of a CMV promoter and polyadenylation site (as in 
pShuttle-CMV). 

3. Vectors encoding both p-galactosidase and GFP. To test various 
aspects of these systems, two vectors (pGFP+GAL-l and -2) contuning 
20 P-galactosidase (P-gal) and GFP genes were constructed. Each contiuned 
the P-gal gene from pUT651 (Cayla, Toulouse, France). The only 
difiference between pGFP+GAL-l and pGFP+GAL-2 the two vectors was 
the presence in GFP+GAL-2 of a "stuflFer" fragment from human genomic 
DNA. pGFP+GAL-2 thereby contained the maximum amount of foreign 
25 sequoices (-10 kb) possible to be included in the adenovirus systems 
described here. Both pGFP+GAL-1 and pGFP+GAL-2 contained two 
independent CMV-driven transcription units (one for GFP and one for 

P-gal). 

Oeneration of Recombina nt Adftnnviral Plasmids bv Homologous 
30 Recombination in Kcoli. High competence of bacterial cells is desired to 
achieve efficient recombination. Typically, 0.5 to 1.0 ^g of a shuttle vector 
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plasmid (about one-fifth of a miniprep) was linearized with Pmel, purified by 
phenol/chloroform extraction and ethanol precipitation, and mixed with 
O.lmg of supercoiled pAdEasy-1 or pAdEasy-2 in a total volume of 6.0 \d. 
Twenty ^l of dectrocompetent K coli BJ5 183 ceUs were added and 
5 electroporation was performed in 2.0 mm cuvettes at 2,500 V, 200 Ohms, 
and 25 jiFD in a Bio-Rad Gene Pulser electroporator. The cells were 
immediately placed in 500 nl of L-Broth (Life Technologies, Inc.) and 
grown at 3rC for 20 min. 125 jil of the cell suspension was then inoculated 
onto each of four 10 cm Petri dishes containing L-agar plus 50 jig/ml 
10 kanamycin . After 16 - 20 hr. growth at 37"C, 10 - 25 colonies per dish were 
generally obtained. The smaller colonies (which usually represented the 
recombinants) were picked and grown in 2 ml L-Broth containing 50 ng/ml 
kanamycin. Clones were first screened by analyzing their supercoiled sizes 
on agarose gels, comparing them to pAdEasy-1 or pAdEasy-2 controls. 
1 5 Those clones wWch had inserts were fiirther tested by restriction 
endonuclease digestions, generally Pad, Spel, and BaniHI. 
(Recombinations sometimes occurred between the plasmid On sequences 
shared between the shuttle and pAdEasy vectors; such recombinants were as 
usefiil as those generated by homologous recombination of the "left arm" 
20 sequences, but resulted in slightly different restriction patterns; see map in 
Fig. 1). Once confirmed, supercoiled plasnud DNA was transformed into 
DHIOB cells for large scale amplification by electroporation. In such cases, 
1.0 |il of plasmid DNA ( -100 ng) in 15 jil water was mixed with 5.0 jil 
electrocompetent DHIOB cells in a total volume of 20.0 ^l and 
25 electroporation was performed as described above. 

Pmriiirtinn of Arfenoviniges in Mammalian Cells. Approximately 1.5 x 10* 
cells (911, 293, or 91 1E4) were plated in 25 cm* flasks 24 hours prior to 
transfection, by which time they reached 50-70% confluency. Cells were 
washed once with 3 ml OptiMEM (Life Technologies), then 2.5 ml of 
30 OptiMEM was added to each flask and the flasks returned to the COj 

incubator for 15 - 30 minutes prior to transfection. Four ng of recombinant 
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adenoviral vector DNA, digested with Pad and ethanol-precipitated, wasere 
used for transfection of each 25 cm* flask. A transfection mix was prepared 
by adding 4 ^g of linearized plasmid DNA and 20 ^l LipofectAmine (Life 
Technologies) to SOO |il of OptiMEM ^ife Technologies) according to the 
manufacturer's instructions. Aftw incubation at room temperature for 15 to 
30 nunutes, the transfection mix was added to the cells. After 4 to 6 hours at 
37", the media containing the transfection mix was removed, and 6 ml of 
Growth Medium added. For transfections of 91 1E4 cells, doxycyclin was 
removed from the Growth Media ~24 hours after transfection. Transfected 
cells were monitored for GFP ^resston and collected 7 to 10 days after 
transfection by scraping cells off flasks and pelleting them along with any 
floating cells in the culture. All but 3 ml of the supernatant was removed. 
Following three cycles of freeang in a methanol/dry ice bath and rapid 
thawing at 37°, one ml of viral lysate was used to infect 3-5 x 10* cells in a 
25 cm* flask. The eflSciency of such infections could be conveniently 
followed with GFP. Three to four days later, viruses were harvested as 
described above. At this point, viral titers were often high enough to use for 
gene transfer experiments in cultured cells. To generate higher titer viral 
stocks, packaging cells were infected at an MOI (multiplicity of infection) of 
0.1 to 1 and grown for 3 to 4 days, at wWch time viruses were harvested as 
described above. This process was repeated one to three times, with a final 
round employing a total of 5 x 10* packaging cells in fifteen 75 cm* flasks 
and an MOI of 1 - 5. After 3 - 5 days, 50% lysis was observed, and the 
resultant viruses were purified by CsCl banding; final yields were generally 
10" to 10" pfii. Restriction endonuclease digestions confirmed the 
expected structures of the viruses produced in this way. Procedures for 
CsCl banding and viral plaquing are described in ref 20. 

PVAMPLR I- Generatio n nf a Recombinant Adenovims Containing P-aal 

The results obtained while generating a virus encoding P-gal pro>nde 
a representative example of the yields and other practical considerations. A 
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P-gal cDNA was placed in the polylinker of p AdTrack-CMV to generate the 
shuttle vector pGFP+GAL. To make pAdEasy-GFP+GAL, one jig of 
linearized pGFP+GAL was co-transformed with 0. 1 ^g of supercoiled 
circular pAdEasy-1 into K coli BJS183 cells (see vector diagrams in Fig. 
S 2). The transformation yielded about 100 kanamycin-resistant clones, of 
which approximately two-thirds contuned recombinants based on the sizes 
of undigested miniprep plasmid DNA (Fig. 3A). Candidate clones were 
digested with several restriction endonucleases to verify proper 
recombination. As shown in Fig. 3B, the expected restriction fragments 
10 were geno-ated in each case. For example, with BamHl, a 5. 1 kb fragment 
containing the GFP gene was produced from pAdEa^-GFP+GAL (lane 3) 
in addition to the 11.7 and 21.7 kb fragments generated from pAdEasy-1 
sequences (lane 2). When digested with PacI, a 3.0 kb fragment was 
produced (Fig.3B, lane 6). 
15 Plasmids could be produced directly fromE co//BJ5183 cells, but 

the yields were relatively low (<0.5 ng from 2 ml culture). Therefore, 
miniprep DNA from E. coli BJ5183 cells was used to transform DHIOB 
cells, a recA stnun in which high quality and high yields of plasmid DNA 
can be obtained more easily. Yields of supercoiled pAdEasy-doived 
20 vectors averaged 2 - 5 ^g par ml from DHIOB cdls. 

RyAMPLE 3: Transfection of Cells with Recombinant Adenovirus and 
F vpressinn of a Renorter Gene 

To produce viruses, 4 ^g of pAdEasy-GFP+GAL was digested with 
Pac I to liberate linear adenoviral genomes, then transfected into 293 cells. 
25 It was critical to linearize the vectors at the Pac I sites, as transfection of 

circular plasmids yielded no viruses, consistent with previous results (14, 23, 
24). To assess how soon the packaged viral particles could be observed, 
transfected cells were monitored by GFP expression. As shown in Fig. 4, 
GFP expression was visible 24 hr after transfection in 20 - 30% of the cells, 
30 representing the fraction of the population that was transfected. In cells 
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transfected with non-linearized pAdEasy-GFP+GAL, this expression slowly 
&ded over one week. In cells transfected with linearized 
pAdEa^-GFP+GAL, however, this expression never faded, and comet-like 
foci, visualized with GFP fluorescence but invisible by phase contrast 
5 microscopy, began to appear at four to five days after transfection (Rg. 4). 
Cells in the center of foci were often lysed a week after transfection, though 
the fod were still very difficult to see M^Hthout the aid of GFP fluorescence. 
In cells tranfected with non-linearized pAdEasy-GFP+GAL, GFP expression 
was initially indistinguishable fi-om that following transfection with the 
10 linearized vector. This expression slowly fiided over one week, and 
comet-like foci never appeared (Fig. 4). Interestingly, only 10 - 50 
comet-like plaques were observed per 25 cm^ flask, while > 10* cells 
expressed GFP following transfection. This was surprising in view of the 
fiict that every 293 cell should theoretically have the capacity to produce 
1 5 virus firom the transfected vector. Evidently, degradation of the exogenous 
DNA or other factors which linut the efficiency of viral production 
drastically decrease the number of cells which produce virus. These results 
may explain the difficulties of achieving efficient viral production following 
homologous recombination (rather than direct transfection) in mammalian 
20 cells. 

As another way to assess viral production following transfection of 
293 cells, cells were collected and lysed at various times after transfection 
and the lysates assessed for \mi production through transfer of GFP or 
p-gal expression. In each case, 2% of the viruses harvested fi-om a single 

25 transfection were used to infect approjdmately 10* recipient 293 cells. As 
shown in Fig. 5, significant amounts of virus were presoit as early as three 
days following transfection, concordant with the appearance of first 
observable viral foci (Fig. 4). Viral titers increased substantially over the 
next week (Fig. 5). Importantly, p-gal expression perfectly paralleled GFP 

30 expression, as assessed in three ways. First, the titer of virus, assessed by 

X-gal staining of infected cells, was identical to that determined from GFP 
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expression of the same cultures prior to X-gal staining. Second, when GFP 
expressing cells were marked prior to staining with X-gal, every cell that 
expressed GFP was also found to express p-gal and vice versa. And third, 
standard plaque assays demonstrated that virtually aU (>95%) plaques 
5 expressed both GFP and p-gal (data not shown). This homogeneity among 
the plaques was important for another reason: it obviated the need, in 
general, to plaque-purify viruses. Such plaque purification represents one of 
the most time-consuming steps in classical adenovirus vector production. 
The titer of the homogeneous viruses produced 7-12 days after 
10 transfection of 91 1 or 293 cells ranged from 10* to 10* expression forming 
units (efu)/ml on 293 cells. In the experiment shown in Fig. 5, the titer was 
10' efii/ml . The titer generally was proportional to the efiRciency of 
transfection of the packaging line. Titers determined by plaque assays 
(expressed in standard plaque forming units) were equivalent. These viruses 
1 5 could be used to achieve g«ie expression in a variety of cell lines of human, 
mouse, and hamster origin. The titer levels on these additional lines were 
sinular to that achieved with adenoviruses made by classical methods, and 
differences in expression likely reflected differences in adenovirus receptors 
and processing among the various lines. In the human colorectal cancer cell 
20 line HCTl 16, titer was 20- to 200-fold lower than that achieved in 293 or 
911 cells. 

AMPT.R 4: F vprftssion of T .arge or Multtnle TransRCnes 

Similar experiments were carried out with an adenovirus containing 
both GFP and p-gal genes expression units plus a "stuflfer." The total 
25 foreign sequences contained in tWs virus were 10. 1 kb, neces^tating use of 
the pAd-Easy-2 adenoviral vector and a packaging line expressing 
adenoviral E4 plus El genes. In general, viral production using the 
pAdEasy-2-based system was somewhat slower (10-14 days to produce 
viral titers equivalent to those produced in 7 - 10 days in 911 or 293 cells) 
30 and the final viral titers about 10-fold lower than with pAdEasy-l based 
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systems. Therefore, pAdEasy-2 and 9U-E4 cells were used only to 
produce viruses containing transgenes too large to produce with pAdEasy-1 
(Table 1). In general, 91 1 cells are the preferred producers for 
pAdEasy-l-derived viruses, though 293-derived cells also produced 
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acceptable results (17). 
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WE CLAIM: 

1 . A method for generating a recombinant adenovirus comprising a 
desired gene, comprising the steps of: 
co-transforming bacteria with: 

(a) a linear DNA molecule; and 

(b) a supercoiled adenoviral vector; 

wherein the linear DNA molecule comprises a first segment of DNA 
comprising one or more desired genes and a second and a third 
segment of adenoviral genonuc DNA, each of siud second and third 
segments consisting of at least 500 bp and being sufficient to mediate 
homologous recombination with the adenoviral vector, wherein the 
second and third segments flank the first segment, wherein the 
adenoviral vector comprises a bacterial origin of replication flanked 
on each side by segments of DNA identical to the second and third 
segments, whereby subsequent to the step of co-transforming, the 
adenoviral vector and linear DNA molecule recombine to form a 
recombinant adenoviral vector comprising the desired gene. 
2. The method of claim 1 further comprising the steps of: 

lineari^ng the recombinant adenoviral vector to form a linear 
DNA molecule comprising termini which comprise adenowal 
terminal repeats; and 

transfecting mammalian cells with the linearized vector, 
whereby the mammalian cells produce viral particles comprising the 
recombinant adenoviral vector which comprises the desired gene. 
3. The method of claim 1 fiirther comprising the steps of: 

linearizing the recombinant adenoviral vector to form a linear 
DNA molecule comprising termini which comprise adenoviral 
terminal repeats; and 

transfecting mammalian cells with the linearized vector, 
whereby the mammalian cells express the desired gene. 
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4. The method of claim 1 wherein the adenoviral vector comprises a 
deletion of adenovirus transcription unit El. 

5. The method of claim 1 wherein the adenoviral vector comprises a 
deletion of adenovirus transcription units £1 and E3. 

6. The method of clidm 1 wherein the adenoviral vector comprises a 
deletion of adenovirus transcription units El and E4. 

7. The method of claim 1 wherein the adenoviral vector comprises a 
deletion of adenovirus transcription units El, E3, and E4. 

8. The method of claim 2 wherein the adenoviral vector comprises a 
deletion of adenovirus transcription unit El and the mammalian cells 
stably express El. 

9. The method of claim 2 wherein the adenoviral vector comprises a 
deletion of adenovirus transcription units El and E3 and the 
mammalian cells stably express El. 

10. The method of claim 2 wherein the adenoviral vector comprises 
a deletion of adenovirus transcription units El and E4 and the 
manunalian cells stably express El and E4. 

11. The method of claim 2 wherein the adenoviral vector comprises 
a deletion of adenovirus transcription umts El, E3, and E4, and the 
mammalian cells stably express El and E4. 

12. The method of claim 2 wherein the step of lineariang is 
performed using a restriction enzyme. 

13. The method of claim 2 wherein the step of linearimg is 
performed using restriction enzyme Pad, 

14. The method of clsdm 3 wherein the adenoviral vector comprises 
a deletion of adenovirus transcription umt El and the mammalian 
cells stably express El. 

15. The method of claim 3 wherein the adenoviral vector comprises 
a deletion of adenovirus transcription units El and E3 and the 
mammalian cells stably express El. 
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16. The method of claim 3 wherein the adenoviral vector comprises 
a deletion of adenovirus transcription units El and E4 and the 
mammalian cells stably express El and E4. 

17. The method of clmm 3 wherein the adenoviral vector comprises 
a deletion of adenovirus transcription units El, E3, and E4, and the 
manunalian cells stably express El and E4. 

18. The method of claim 3 wherein the step of linearizing is 
performed using a restriction enzyme. 

19. The method of claim 3 wherem the step of lineari^ng is 
performed using restriction enzyme Pad. 

20. The method of cljum 1 wherein the first segment comprises an 
inverted terminal repeat of an adenoviral genome. 

21. The method of claim 1 wherein the first segment of DNA 
comprises a marker gene which encodes a detectable marker protein. 

22. The method of claim 21 wherein the detectable marker is green 
fluorescent protein. 

23. The method of claim 1 wherein the first segment of DNA 
comprises a gene encoding a selectable product. 

24. A kit comprising two plasmids: 

wherein the first plasnud comprises: 

a bacterial origin of replication; 
a first segment of DNA comprising a restriction 
enzyme site for insertion of a desired gene; and 
a second and a third segment of DNA consisting of 
adenoviral genomic DNA, each of said second and 
third segments consisting of at least 500 bp and being 
sufficient to mediate homologous recombination with 
an adenoviral vector, wherein the second and third 
segments flank the first segment; 

wherein the second plasmid is an adenoviral vector which 
comprises: 

a bacterial origin of replication flanked on each side 
by DNA segments identical to the second and third 
segments; 
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wheretn upon linearization of the first plasniid and co-transformation 
with the second plasmid of bacterial cells, the second plasmid and 
the linearized first plasmid recombine to form a recombinant 
adenovural vector comprising the desired gene. 

25. The kit of cltum 24 wherein the first s^ent of DNA fiirther 
comprises a goie encoding a detectable marker. 

26. The kit of claim 24 wherein the first segment of DNA fijrther 
comprises a gene encoding green fluorescent protein. 

27. The kit of claim 24 wherein the first segment of DNA fiirther 
comprises an inverted temunal repeat of adaiovirus. 

28. A bacterial cell comprising a plasmid and a linear DNA 

molecule, wherein the linear DNA molecule comprises: 

a first segment of DNA comprising a desired gene inserted in 
a restriction enzyme site; 

a second and a third segment of DNA consisting of 
adenoviral genomic DNA, each of said second and third 
segments consisting of at least 500 bp and being suffident to 
mediate homologous recombination with an adenowal 
vector, whorein the second and third segments flank the first 
segment; 

wherein the plasmid is an adenoviral vector wWch comprises: 

a bacterial ori^n of replication flanked on each side by DNA 
segments identical to the second and third segments, whereby 
the plasmid and the linear DNA molecule can recombine to 
form a recombinant adenoviral vector comprising the de»red 
gene. 

29. The bacterial cell of claim 28 wherein the first segment of DNA 
fiirther comprises a gene encoding a detectable marker. 

30. The bacterial cell of claim 28 wherein the first segment of DNA 
further comprises a gene encoding green fluorescent protein. 

3 1 . The bacterial cell of claim 28 wherein the first segment of DNA 
fiirther comprises an inverted terminal repeat of adenovirus. 

32. The bacterial cell of claim 28 wherein the first segment of DNA 
comprises a bacterial origin of replication. 
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